Mithramycin inhibited RNA synthesis in chick embryo ceils in culture almost as efficiently as actinomycin D, although inhibition was considerably delayed. There was no direct effect on cellular protein synthesis. Mithramycin interfered with the multiplication of fowl plague virus (influenza A) but had little effect on the multiplication of Newcastle disease virus (parainfluenza). Ten #g./ml. of mithramycin, when added immediately after infection, preferentially inhibited the synthesis of fowl plague minus strand RNA in culture, but it had only a slight effect on the production of plus strand RNA. The synthesis of virus RNA-dependent RNA polymerase and RNP-antigen was only slightly inhibited, while the production of haemagglutinin and neuraminidase was strongly affected.
INTRODUCTION
Mithramycin inhibits DNA-dependent RNA synthesis in bacteria (Kersten et al. r967) as well as in animal cells (Yarbro, Kennedy & Barnum, ~966) . It binds to DNA in a way similar to, but not identical, with actinomycin (Kersten, Kersten & Szybalski, I966) . It interferes with the multiplication of pseudorabies virus, but not with that of encephalomyocarditis virus (Smith & Henson, ~965) . Since actinomycin D inhibits the multiplication of the RNA-containing influenza viruses in a way which is not yet understood, but does not block the production of parainfluenza viruses (Barry, Ives & Cruickshank, I962; Rott & Scholtissek, I964; Barry, ~964; White et al. I965) , it seemed to be worthwhile studying the action on the multiplication of these viruses of other inhibitors of cellular RNA synthesis with a somewhat different specificity. The action of mithramycin on the synthesis of fowl plague virus (influenza A) and Newcastle disease virus (parainfluenza) is described in this paper.
METHODS
Virus. The ROSTOCK strain of fowl plague virus and the ITALIEN strain of Newcastle disease virus were used in these experiments. The viruses were propagated in chick embryos.
Growth experiments. Chick fibroblasts in plastic Petri dishes were infected and treated with mithramycin as described in the lengends of the figures and tables. At different times after infection the supernatant medium was removed and the virus activities were determined I2 C. SCHOLTISSEK AND OTHERS separately in the medium and in the cells after freezing and thawing them three times in buffered saline (Rott & Scholtissek, 1968) . Infectivity was determined by a plaque test (Sch~ifer, Zimmermann & Schuster, I959) . Haemagglutination tests were performed by a standard method in plastic plates using a I ~o suspension of chick erythrocytes (Davenport, Rott & Sch~ifer, I96O) .
RNP-antigen was determined by the indirect haemagglutination inhibition test (Becht, 1968) . The intracellular localization of this antigen was determined by staining infected cells with a monospecific chicken antiserum tagged with fluoresceinisothiocyanate and purified by chromatography on DEAE-cellulose (Cebra & Goldstein, i965) .
Neuraminidase activity was determined according to Drzeniek (1967) using bovine sialolactose substrate. The reaction mixture was incubated for 15 min. at 37 ° in o. I M-phosphate buffer, pH 6. 5. The enzyme activity was expressed in/zg, sialic acid released per ml. virus material.
Synthesis ofRNA andprotein was measured by the incorporation of [3H]uridine (5 C/mM) or [ZH] leucine (I C/mM) into the corresponding cell constituents (Scholtissek, Becht & Drzeniek, 1967) .
Virus RNA polymerase (RNA-dependent) was determined using a cytoplasmic fraction (Scholtissek & Rott, I969a ) .
Virus plus and minus strand RNA in chick fibroblasts infected with fowl plague were determined using the hybridization technique (Scholtissek & Rott, I969b; Scholtissek & Rott, I97o 
RESULTS
Effect of mithramycin on cellular RNA and protein synthesis RNA synthesis was not significantly inhibited by relatively large doses of mithramycin when [SH]uridine incorporation was measured immediately after the addition of the antibiotic (Table I ). Longer contact of the drug with chick embryo fibroblasts blocked RNA synthesis quite efficiently, while no significant effects on protein synthesis were observed. The blocking of RNA synthesis was somewhat obscured by an inhibition of the uptake and phosphorylation of the isotopic precursor (Table 1) , which--as with actinomycin D (Scholtissek, I967; Skehel et al. 1967 )--is probably only a secondary effect on feedback regulation. The effect of mithramycin on cellular RNA synthesis was irreversible ( Table 2) .
Effect of mithramycin on the multiplication of myxoviruses
Increasing doses of mithramycin finally resulted in complete inhibition of the multiplication of fowl plague virus (Table 3) , while the same dose range had only a very slight effect on the production of Newcastle disease virus (Table 4 )-Infectivity and synthesis of haemagglutinin and neuraminidase of fowl plague virus declined at almost the same rate; the formation of RNP-antigen, however, was only slightly inhibited (Table 3) .
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The rate of synthesis of the various fowl plague proteins was measured ( Fig. I, 2 ). In the presence of ro/zg./ml, mithramycin only about 3 % of haemagglutinin and 7"5 % of neuraminidase was produced compared with the untreated control, while the level of the virus The [3H] pulse started at the times indicated. Half an hour later the cultures were processed. The trichloroacetic acid soluble radioactivity represents the activity in the acid soluble uridine phosphates (Scholtissek, Becht & Drzeniek, I967) . Three cultures were incubated for 3 hr with 2-I #g./ml. mithramycin, the other three cultures without the antibiotic. Thereafter all cultures were washed twice with phosphate buffered saline after removal of the supernatant medium (Dulbecco & Vogt, I954) and overlayed with 6 ml. of minimal medium without the antibiotic (= time o). Pulses with 2"5 #c[3H]uridine/culture for half an hour were given at the times indicated.
polymerase was between 3o and 4o %, that of RNP-antigen about 50 % of the untreated control. The tiny amounts of haemagglutinin synthesized in the presence of mithramycin were able to leave the cells normally ( Fig. 0. 2 VIR8 I4 C. SCHOLTISSEK AND OTHERS Mithramycin and myxovirus multiplication ~ 5
Effect of mithramycin on the synthesis of Jbwl plague virus RNA
The effect of mithramycin on the synthesis of fowl plague virus RNA was followed using the technique of hybridization. Total RNA was labelled in vivo by [aH] uridine. The RNA of six cultures per sample was isolated by extraction with sodium dodecylsulphate + phenol, and dissolved in 4 ml. of tris + HC1 buffer + EDTA, pH 8 (0'005 M-tris + HC1; o.ooi M-EDTA). Samples of o.z ml. were heated above the melting temperature and rapidly chilled. A surplus of unlabelled plus or minus strand RNA was added, and the samples were hybridized and treated with a mixture of pancreatic and T1 RNase. After appropriate corrections for residual resistance obtained with uninfected cells, the non-digestible part represented either virus minus or plus strand RNA respectively (Scholtissek & Rott, 1970) . The effect of mithramycin on the synthesis of virus plus and minus strand RNA was tested when the drug was added either 2 hr before infection, immediately after infection, or 2 hr after infection. When the antibiotic was added 2 hr before infection, no significant amounts of virus specific RNA were detected: neither plus nor minus strands. In the two other cases, minus strand RNA synthesis was highly suppressed, while a sizeable amount of plus strand RNA was still produced (between 25 and 5o ~). This was supported in a control experiment, where cycloheximide, which preferentially inhibits the synthesis of plus strand RNA of fowl plague virus (Scholtissek & Rott, I97o) , was added to mithramycin-treated cells 2 hr after infection. The concurrent action of both antibiotics inhibited the synthesis of both strands (Table 5) .
2-2 I6 C. SCHOLTISSEK AND OTHERS
The kinetics of the synthesis of virus specific RNA in the presence of ~o/~g./ml. mithramycin and in control cultures is shown in Fig. 3 . Even 2 hr after infection--the onset of minus strand RNA synthesis--only a small amount of minus strand RNA was produced in the presence of IO #g./ml. mithramycin, while the rate of plus strand RNA synthesis was only slightly inhibited.
Mithramycin had no significant effect on the synthesis of virus specific RNA in a cellfree system (Table 6 ). Scholtissek (I969) showed that in the cell-free system mainly minus strand RNA is synthesized. For the determination of virus plus and minus strand RNA, six infected cultures received 50 #c of PH]uridine each 3 hr after infection. The cells were processed I hr later. The biological controls (HA-titre) and the incorporation into total RNA and into the TCA-extract were determined on separate tissue cultures (8 #c [aH]uridine/culture). The incorporation into total RNA of uninfected control cultures was 7I,OOO decompositions/rain., into the TCA-extract 6oo, oo0 decompositions/rain. For further details see text.
Effect of mithramycin on the migration of RNP-antigen out of the nucleus
The RNP-antigen of fowl plague virus can first be detected by the fluorescent antibody technique within the cell nucleus. Later in the infection cycle it is found also within the cytoplasm (Breitenfeld & Sch~fer, 1957) . Under certain conditions, e.g. in the presence of parafluorophenylalanine (Zimmermann & Sch~ifer, I96O) or under von Magnus conditions (Rott & Scholtissek, I963) , the RNP-antigen is retained in the nucleus. When mithramycin (IO #g./ml.) was added immediately after infection and the cells were fixed and stained 6 hr after infection, RNP-antigen was found to be distributed in the nucleus and cytoplasm as in the untreated controls.
DISCUSSION
There seems to be only one major difference in the action of actinomycin and mithramycin on the multiplication of influenza viruses: actinomycin acts almost immediately, but it takes a rather long time for mithramycin to become effective. The reason for this difference might be that mithramycin is either taken up by the cell or the nucleus more slowly or that the molecular structure of the drug has to be altered by the cell before it becomes effective in vivo. The latter explanation could lead to an understanding of why the antibiotic acts only in the infected cell on the production of minus strand RNA but not in the cell-free system. On the other hand, actinomycin added 2 hr after infection inhibits the synthesis of On: Thu, 31 Jan 2019 22:06:37
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virus minus strand RNA, in spite of the fact that in a cell extract prepared at this time virus minus strand RNA is produced in large amounts (Scholtissek & Rott, I969a; Scholtissek & Rott, I97o ) . This difference in the action of the RNA polymerase under in vivo and in vitro conditions is not yet understood. When mithramycin is added immediately after infection, the onset of its action is delayed for 2 hr, when the synthesis of virus minus strand RNA starts. Thus, under these conditions only a little minus strand RNA is synthesized, but this nevertheless seems to be sufficient to function as a template for the production of a good deal of plus strand RNA. (Scholtissek & Rott, ~969a) .
I
Like actinomycin, mithramycin has no direct effect on cellular protein synthesis. It interferes, however, with the production of virus-specific proteins. The synthesis of the different virus components is not uniformly inhibited. Only a little haemagglutinin, much more neuraminidase, and almost the normal amount of RNP-antigen is produced. Several possible explanations should be considered: 0) It might be that mithramycin has a direct or indirect RNA-degrading side effect, as has been proposed for actinomycin (Rott & Scholtissek, I964) . It is known that the targets for the production of the various virus subunits are of different sizes. The synthesis of haemagglutinin is most sensitive to chemical inactivation followed by neuraminidase etc. (Scholtissek & Rott, I964) . Such an effect could be potentiated if the different virus proteins are synthesized at different sites within the cell, as suggested by Breitenfeld & Schfifer 0957) in their studies on fluorescent antibodies.
(2) The synthesis of the different pieces of the virus RNA could be influenced by mithramycin in different ways and intensities. The hybridization technique used does not differentiate between the various pieces of virus RNA. (3) Some virus proteins (e.g. RNA polymerase and the protein component of the RNP-antigen) might be translated from plus strand RNA, some others (e.g. neuraminidase and haemagglutinin) from minus strand RNA.
There is no indication so far that mithramycin interferes with the transport of virus components within or outside the cell.
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